Abstract. Magnetic field and plasma observations from magnetotail passes of the AMPTE/IRM satellite are used to study the low-frequency magnetic fluctuation energy density as a function of several local plasma parameters. Two statistical constraints on this quantity are found, one a function of proton pressure, one a function of proton flow speed, suggesting that ion-driven electromagnetic instabilities may contribute to the observed fluctuations.
Introduction
The statistical properties of time-averaged plasma and magnetic fields observed in the plasma sheet of the Earth's magnetotail have been analyzed [Baumjohann et al., 1989; Baumjohann, 1993; Huang and Frank, 1994; Borovsky et al., 1998 ]. Other statistical analyses have addressed low frequency magnetic field and velocity fluctuations in this same region [Bauer et al., 1995a; Bauer et al., 1995b; Borovsky et al., 1997; Chaston et al., 1999a] . We here describe an analysis of measurements from the plasma sheet which exhibits two distinct statistical upper bounds for fluctuating magnetic field energy densities below the proton cyclotron frequency. One of these constraints is a function of the local proton pressure and is similar to upper bounds derived from computer simulations of ion-driven electromagnetic instabilities, suggesting that instabilities may contribute to the fluctuations. The other constraint is a function of the local proton flow speed, which suggests that velocity shear instabilities are a source of enhanced magnetic fluctuations in the plasma sheet.
Simulations have been used to study electromagnetic instabilities driven by proton temperature anisotropies (T ⊥p = T p ), by proton/proton relative flows, and by currents parallel to the background magnetic field Bo (e.g., [Gary and Winske, 1990] ). Here the directional subscripts refer to directions relative to Bo. These resonant modes typically satisfy kc/ωp ≤ 1 and ωr/Ωp << 1 [Gary, 1993] , where ωp is the proton plasma frequency, Ωp is the proton cyclotron frequency, and ωr is the mode frequency. The simulations, as initial value calculations in homogeneous, collisionless plasmas, showed that the resulting enhanced fluctuations yield wave-particle scattering which reduces and constrains the driving anisotropies. Quasilinear calculations on these same instabilities show similar results [Chaston et al., 1999b; Chaston et al., 2000] .
Simulations of the proton cyclotron anisotropy instability driven by T ⊥p /T p > 1 over 0.05 ≤ β p ≤ 5.0 [Gary et al., 1995; Gary et al., 2000a] , and the proton/proton Alfvén instability over 0.1 ≤ β p ≤ 0.3 [Daughton et al., 1999] yielded upper bounds for the fluctuating magnetic field energy density of the form |δB|
where
o . Here SB and αB are fitting parameters which vary with instability type and with initial maximum growth rate. The αB at slow simulation growth rates often satisfies αB 1. Simulations of the proton resonant firehose instability over 2.0 ≤ β p ≤ 100 [Gary et al., 1998 ], the proton/proton magnetosonic instability over 0.20 ≤ β p ≤ 5.0 [Daughton et al., 1999] , and the alpha/proton magnetosonic instability over 1.00 ≤ β p ≤ 5.0 [Gary et al., 2000b] all yielded upper bounds of the form
Here the fitting parameters satisfy SB ≤ 0.50 and aB ≤ 0.10. Finally, the kink-like instability driven by a current along Bo has been studied both by simulation [Gary and Winske, 1990] and by quasilinear theory [Chaston et al., 1999b] . Both studies show that the fluctuating magnetic fields from this instability alone saturate at very low amplitudes. We therefore do not believe that this instability contributes to the observed magnetic fluctuations described below. [Bauer et al., 1995a] analyzed low frequency magnetic fluctuations observed by AMPTE/IRM in the plasma sheet in 1985. They reported that intensities of the right-and lefthand polarized fluctuations were essentially independent of βp, but that the intensities of the compressional fluctuations scaled approximately as β 1/2 p .
AMPTE/IRM Data
The data analyzed here were measured from the AMPTE /IRM satellite during February through June 1985 and February through June 1986, when the spacecraft frequently passed through the plasma sheet of the terrestrial magnetotail. The magnetic field data were obtained from the spacecraft magnetometer, described by [Lühr et al., 1985] , and ion plasma properties were measured by the three-dimensional plasma instrument described by [Paschmann et al., 1985] . Here it is assumed that all the ions are protons, as in [Baumjohann et al., 1989; Baumjohann et al., 1990] .
We determined the spacecraft distance from the neutral sheet, Zns, according to the model of [Russell and Brody, 1967] , and defined our plasma sheet data set to consist of all observations satisfying the conditions |YGSM | < 5RE and |Zns| < 3.5RE. We then further restricted our data set to exclude the plasma sheet boundary layer by using the photoelectron criterion of [Baumjohann et al., 1990] . So our data are drawn only from the relatively near-Earth plasma sheet, where the plasma is relatively dense and hot. Here proton velocity distributions often show substantial flows yet are relatively isotropic in the flow frame [Nakamura et al., 1991] .
For our analysis, we divided the data into ten-minutelong intervals. We removed all such intervals which contained a crossing of the neutral sheet; that is, all intervals which exhibited a change in sign of the Earthward-directed component of the magnetic field, Bx. Finally, we eliminated all intervals which were dominated by monotonic changes in Bo so as to exclude very long period variations; these are more likely to correspond to the spacecraft measuring changes in global magnetospheric properties than to the relatively local plasma fluctuations which are of interest to us. Time series of representative magnetic field and plasma observations from AMPTE/IRM during the period of 1985 which includes our data set may be found in [Nakamura et al., 1991; Angelopoulos et al., 1992; Bauer et al., 1995b] . 
Data Analysis
For each ten-minute data interval we averaged the magnetic field data over 4.5 seconds to match the time resolution of the plasma parameter observations, which corresponds to the spin period of the spacecraft. Thus our analy- sis of |δB| 2 /8π is restricted to frequencies below 0.1 Hz and above 1.6 mHz. Assuming an average magnetic field of 20 nT [Baumjohann, 1993; Huang and Frank, 1994] , the proton cyclotron frequency, fcp, is 0.3 Hz, so our analysis does not encompass physics peculiar to that frequency. However, the power spectral analyses of [Bauer et al., 1995a] demonstrate no strong spectral features near fcp; those authors have therefore argued that magnetic power spectra can be characterized by one particular numerical value for the whole frequency range 0.03 Hz to 2 Hz. In addition, protondriven electromagnetic instabilities, the sources of the constraints represented by Equations (1) and (2), grow only at frequencies much below the proton cyclotron frequency [Gary, 1993] . Therefore we do not regard the restriction to low frequency fluctuations as a serious limitation on our analysis.
Theories and simulations of collisionless plasmas are necessarily framed in terms of dimensionless variables. In the case of Equation (1) Therefore, we have plotted observed fluctuating magnetic field energy density versus observed dimensional parameters. We found that |δB| 2 /8π showed an increasing trend with increasing vo, with increasing proton temperature and with increasing magnetic field. However, in each case the correlation coefficient is relatively small (R ≤ 0.5), so that we found no quantifiable relationship between |δB| 2 /8π and any of these parameters. This is understandable if the fluctuating magnetic fields result from the sporadic growth of one or more instabilities. In this picture much of the time the plasma is quiescient and the field amplitudes have relaxed from their maximum values, so that most observations should show a broad range of amplitudes. On the other hand, the subset of observations from times near instability saturation are likely to be constrained by relations such as Equation (1), so that such upper bounds may be evident even if there is substantial scatter in the measurements.
If we look for an upper bound, rather than a correlation, on |δB| 2 /8π versus observed parameters, our results are better defined. The two panels of Figure 2 illustrate the fluctuating magnetic field energy densities measured in the plasma sheet as functions of the proton pressure and the square of the proton flow speed. (It would be preferable to use T p in the proton pressure here, but the AMPTE/IRM data set does not presently distinguish T p and T ⊥p .) Both panels of this figure show clear statistical constraints on |δB| 2 /8π which increase with the plasma parameters; the empirically drawn solid lines correspond to
where the proton pressure is in nPa, and
where vo is in km/s. If we regard Bo as a constant in Equation (1), then Equation (3) is of the same form with αB = 3. This implies that, if the observed result is indeed due to saturation of an instability, it is probably not due to the proton temperature anisotropy or proton/proton modes, both of which yield αB ≤ 1. In addition, the strong dependence on proton flow speed shown by the constraint of Equation (4) implies that v 2 o is an important source of free energy for the magnetic fluctuations. Finally, we note that the observed magnetic fluctuations fall well below Equation (3) at the highest observed proton pressures, suggesting that a constraint of the form of Equation (2) may apply at relatively high βp.
Discussion and Conclusions
We analyzed ion and magnetic field measurements from AMPTE/IRM during passages through the terrestrial plasma sheet. We found the fluctuating magnetic field energy density, |δB| 2 /8π, to be statistically constrained by Equation (3). This equation is similar to Equation (1), obtained from simulations of ion-driven electromagnetic instabilities, suggesting that such instabilities may contribute to the observed fluctuations. [Chaston et al., 1999b; Chaston et al., 2000] reached a similar conclusion by comparing quasilinear theory against plasma sheet observations. The difference in the scalings with pressure (αB ≤ 1 for the simulations, αB 3 for the observations) suggest that the source instabilities are not necessarily the anisotropy-or proton/proton-driven modes studied by simulation and theory. In any event there is only indirect evidence that the anisotropy mode grows in the magnetotail [Birn et al., 1995] and proton/proton type instabilities are more likely to arise in the plasma sheet boundary layer than the plasma sheet itself [Tsurutani et al., 1985; Elphic and Gary, 1990; Kawano et al., 1994] .
We found that |δB| 2 /8π observations are also statistically constrained by Equation (4), implying that the proton flow speed is an important source of free energy for the magnetic fluctuations. A limitation in making this interpretation is that, unlike the pressure which exhibits relatively small fluctuations about its average values, the observed fluctuations of vo are often of the same order or larger than the average value of the proton flow speed over a given interval. Given this limitation, it is still possible that the source of the enhanced magnetic fluctuations may be the flow shear instabilities which have been suggested as such a source in the plasma sheet [Gary and Winske, 1990; Bauer et al., 1995a; Borovsky et al., 1997] . Simulations of such instabilities should be done to determine whether the associated fluctuating magnetic fields also satisfy constraints similar to Equation (3) and Equation (4).
